The (27) (28) (29) (30) . Furthermore, the scid-related defects in DNA repair and V(D)J recombination were also complemented by transfecting V3 cells with yeast artificial chromosomes (YACs) containing the
following nucleotide excision and addition to form contiguous coding joints. One of the first indicators of the role of DNA double-strand-break repair in V(D)J recombination was the appearance of the mouse scid mutation for severe combined immunodeficiency (2) . scid is a recessive, autosomal mutation that results in the inability to produce mature, functional lymphocytes because of failure in V(D)J recombination (2) (3) (4) . Lymphocytes from C.B-17-scid mice (SCID) begin to undergo V(D)J recombination but fail to correctly join the coding segments, often resulting in large DNA deletions at those sites. SCID mice and SCID cells in culture have been shown to be abnormally sensitive to ionizing radiation and other agents that induce DNA breaks, suggesting that the scid gene product plays a more general role in DNA repair (5) (6) (7) .
Further association between V(D)J recombination and DNA repair has been made with studies of radiosensitive Chinese hamster cell lines (8, 9) . One cell line, V3, is similar to SCID cells in that it fails to correctly join the coding segments and is unable to complement the SCID phenotype when fused to SCID cells in culture, suggesting a common defect (10) . Several hamster lines that fall into the same complementation group (XRCC5) are defective for V(D)J recombination and are deficient in an -80-kDa DNA endbinding protein called Ku8O (11) (12) (13) (14) . Ku8O and a 70-kDa protein (Ku7O) form the Ku DNA-binding component of the DNA-dependent protein kinase (DNA-PK) complex (15) (16) (17) (18) . In addition to Ku, DNA-PK contains an -450-kDa catalytic subunit (DNA-PKEs), which is a serine/threonine-protein kinase (16, 17) . While the exact function of DNA-PK is not clearly understood, in vitro studies have shown that the complex is active only when bound to DNA and, once bound, can phosphorylate several transcription factors, suggesting a possible role in transcription regulation (19) (20) (21) (22) (23) (25) . Furthermore, the V3 cell YACtransfectants containing the human DNA-PKcs gene express much higher levels of the human protein than is normally detectable for wild-type rodent DNA-PKC, (24) . Thus, DNAPKc, may be another component of a pathway involving the scid gene product or may act as a suppressor of the scid mutation. To address these alternative possibilities, we decided to map the mouse gene for DNA-PK;c and determine if it localizes to scid. tTo whom reprint requests should be addressed.
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in homozygous SCID mice because of the absence of mature lymphocytes (2) . Hematoxylin/eosin-stained scid spleen sections appear devoid of lymphocytes and normal tissue organization, the principal cell types being fibroblasts and histiocytes. Spleen tissue from each backcross progeny was collected and preserved in 10% formalin for sectioning, staining, and examination. Spleen sections were prepared and examined to verify the SCID phenotype for all informative backcross progeny-i.e., those progeny that had a recombination between D16Mitl and D16Mit33. Genomic DNA was isolated from pooled liver and spleen tissue from each backcross progeny.
Analysis of Backcross Panel. All backcross progeny were typed for scid and two microsatellite DNA segments, D16Mitl and D16Mit33, which are -8 centimorgans (cM) apart and flank the scid locus. Only those progeny with a recombination between D16Mitl, scid, and D16Mit33 were typed further for additional markers tightly linked to scid. No backcross progeny were found with a double recombination bracketing scid in the D16Mitl-to-D16Mit33 interval. Genomic DNA prepared for Southern blot analysis was electrophoresed through 1% agarose gels (FMC BioProducts) after restriction enzyme digestion and was transferred to nitrocellulose filters (BA-S85, Schleicher & Schuell) for hybridization. Filters were hybridized with radiolabeled DNA probes under conditions described previously (33) . All probes were plasmid inserts and were labeled by the random primer method following the manufacturer's recommendations (Stratagene). A Taq I restriction fragment length polymorphism for the VpreBl locus was typed by using the pZ121 clone (34) Oligonucleotide primers unique for the specific simple sequence-length polymorphisms (SSLP) D16Mitl, D16Mit31, D16Mit33, D16Mit34, D16MitS6, D16Mit74, D16Mitl43, D16Mitl44, and D16Mitl65 (refs. 35 the genomic region containing the scid locus were developed by subcloning fragments of YAC clones containing mouse DNA inserts. These YACs were identified by screening YAC libraries (37) (38) (39) (40) by PCR with primers for the Dl6Mit3l, D16Mit34, and VpreBl loci (unpublished results). Clones pRl, pR7.12, and pR9.10 are nonrepetitive DNA fragments isolated from gel-purified YAC DNA by PCR with 10-base oligomers. pRl was amplified from clone yI96.G4 by using the oligonucleotide primer 5'-CGGTCACTGT-3', and pR7.12 and pR9.10 were amplified from clone yI82.F8 by using the oligonucleotide primer 5'-GTTGGTTTAA-3'. PCR products were cloned into pCRII (Invitrogen). Clone pC117.2 is a DNA fragment generated as a subclone of the centromeric end of clone yFEZ.G5 and was isolated by digesting the YAC with the restriction enzyme Xba I and ligating the restriction fragments under dilute conditions. This circularized the centromeric end of the pYAC4 vector arm containing the pUC-derived ori and ampicillin-resistance gene and the end fragment of the mouse DNA insert.
RESULTS AND DISCUSSION
Mapping the Mouse Gene for DNA-PK,.. Preparing genetic crosses between inbred mouse strains derived from different subspecies ofM musculus, such as CAST/Ei (M. m. castaneus), facilitates linkage analysis by increasing the probability of detecting DNA polymorphisms at desired loci. This was recently illustrated by Dietrich et al., who found that the frequency of detecting differences at microsatellites increased from 50% between standard inbred strains to >90% between a standard inbred line and CAST/Ei (35) . Using a large panel of interspecific backcross mice from a cross between the C.B-17-scid and CAST/Ei strains, we generated a highresolution linkage map of the region of the mouse genome containing the scid locus. Originally scid was shown to map to the proximal end of chromosome 16 by linkage to the mahoganoid coat color mutation and the immunoglobulin A light chain locus (Igl-l) (41) . More recently we showed that scid is tightly linked to the B-cell surrogate light chain genes, VpreBl and A5, with no recombination found in 958 backcross progeny (ref. 42 and Figs. 1 and 2 ). Using cDNA clones containing fragments of the human DNA-PKc, gene (clones 1 and 8 in ref.
24) as probes on Southern blots, we detected mouse genomic DNA restriction fragments containing the putative mouse DNA-PK,, gene. Clone 1 contains the region encoding the DNA-PK,, kinase domain and may have the highest degree of homology between the human and mouse DNA-PK,, genes. recombinant backcross progeny showed that the restriction fragment-length polymorphism detected by clone 1 segregated with the SCID phenotype without exception (Fig. 1) . A representative subset of the recombinant backcross progeny and parental alleles is shown in Fig. 3 In an effort to positionally clone the scid locus, we identified a contiguous set of YAC clones from several mouse DNA libraries (37) (38) (39) (40) 16 (45) . This is consistent with the report of the location of the gene for CCAAT-enhancing binding protein delta (CEBP8) near that for DNA-PK,, on human 8qll also mapping to mouse centromeric 16 (25) .
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